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Abstract 
To improve contour accuracy of bi-axial servo feed system and aim at the problem that conventional methods for tuning control parameters 
mainly depend on manual tuning and can hardly achieve desired performances. A novel method based on the improved genetic algorithm is 
proposed to tune control parameters on line, and to realize the dynamics optimal matching between motion axes. The adaptive crossover 
operation, adaptive mutation operation and elitism strategy are adopted to overcome the prematurity of population and to improve convergence 
rate effectively. The experimental results show that follow error and contour error are both reduced greatly.  
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Bi-axial sevo feed system is mainly applied to generating 
contour of workpiece in the Computer Numerical Control 
(CNC) machine tools, and machining precision is directly 
determined by contour accuracy[1]. However, dynamics of 
motion axes and matching dynamics between themselves are 
great importance to realizing high contour accuracy in the 
machine tools[2]. Y Koren et al. proposed cross coupling 
controller (CCC) method to improve contour accuracy 
effectively. Nevertheless, This method is just used in some 
simple trajectories such as line and circle[3][4]. 
The controller structure of servo feed system in industry is 
three (proportional-integration-differentiation) PID loop 
controllers, which is made up of position loop, velocity loop 
and current loop. The effects of these controllers are often 
heavily coupled. The control parameters tuning method for 
PID controller as follows: (Ziegler-Nichol) Z-N, relay 
feedback, model identification and manual tuning[5][6]. On 
the one hand, mentioned above methods mainly depend on 
optimizing dynamics of single axis servo feed system, and 
reduce follow error, which lead to improve contour accuracy. 
On the other hand, these methods hardly cope with the 
dynamics  mismatching between motion axes. However, if the 
dynamics mismatch between motion axes, it is difficult to 
attain the desired contour accuracy, even if the following error 
of single axis servo feed system is desired performances[7][8]. 
Therefore, it is essential to matching dynamics for bi-axial 
servo feed system. To reduce contour error effectively, 
depending on engineer experiences can be commonly used to 
cope with the problems of dynamics mismatching between 
motion axes in Engineering[9]. The ballbar or other 
instruments are employed to measure and analyze contour 
error[10][11]. According to analysis results, fine tuning 
control parameters activities are carried out to make dynamics 
matching between motion axes, and lead to desired contour 
accuracy. However, the procedure has deficiencies in tuning 
inefficiency, depending on engineers experiences and great 
tuning margins. Hence, it hardly makes dynamics optimal 
matching between motion axes.   
The method based on improved genetic algorithm (IGA) is 
proposed to realize dynamics optimal matching between 
motion axes for bi-axial servo feed system in this article. It 
makes dynamics optimal matching between motion axes by 
dynamic tuning control parameters and evaluating  
performances on line, and has advantages of automatic 
operation, intelligence and high tuning efficiency. It not only 
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improves the dynamics of single axis servo feed system but 
also makes dynamics optimal matching between motion axes. 
Consequently, contour accuracy can be improved greatly. 
The rest content of this article is as follows. Determining 
the control parameters of bi-axial servo feed system for tuning 
is discussed in section 2. The details of IGA are described in 
section 3.  The experiment results are analyzed and compared 
in section 4. The conclusions are presented in section 5. 
2. Determining the control parameters for tuning 
Bi-axial servo feed system consists of two independent 
servo feed systems , and no inner connections in the control 
system exist between the two axes. Therefore, the control 
parameters required tuing for bi-axial servo feed system can 
be obtained by analyzing the control parameter required 
tuning for single axis servo feed system. A typical bi-axis 
servo feed system called X-Y worktable is made up of  X,Y 
axis servo feed systems. The X, Y axis servo feed systems 
adopt cascade PID controllers and include velocity 
feedforward and acceleration feedforward, which are 
commonly used in engineering. The modelling of X axis 
servo feed system can depict the dynamic behaviors of servo 
feed system well ,as shown in Figure 1, where rX is 
command position. fX is feedback position. XAFK  is 
acceleration feedforward gain. XVFK  is velocity  feedforward 
gain. XppK  is proportion gain of position loop. XvpK is 
proportion gain of velocity loop. XviK is integral gain of 
velocity loop. XtK is  torque constant. XJ is inertia of X axis 
servo feed system. Xgr is  transmission ratio of  X axis servo 
feed system. 
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Fig. 1. The modelling of X axis servo feed system 
The control parameters of current loop are not necessary 
for tuning, due to the current loop bandwidth is much larger 
than the position loop bandwidth, and have been in the state 
of optimum[12]. Therefore, the current loop input can be 
considered as equaling to the current loop output below the 
position bandwidth[13]. With the Mason formula , the transfer 
function of X axis position loop servo system can be obtained 
as  
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In order to realize perfect tracking control, the position 
loop transfer function needs to satisfy the following formula 
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Substituting equation  (1) into equation (3) gives 
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Thus, the optimal value of acceleration feedforward gain 
and velocity feedforward gain can be calculated by the 
formula, and consequently have no necessity for tuning. The 
control parameters need to be tuned for X axis servo feed 
system as follows: XppK , XvpK and XviK . Therefore, the control 
parameters need to be tuned for X-Y worktable as follows:
XppK , XvpK , XviK , YppK , YvpK and YviK . 
3. Improved genetic algorithm 
Considering the process of control parameters auto-tuning 
for bi-axial servo feed system, the IGA based on the standard 
genetic algorithm (SGA), is proposed to attain the desired 
performances and to overcome the drawbacks of conventional 
genetic algorithm. The adaptive crossover operation, adaptive 
mutation operation and elitism strategy are both adopted by 
the IGA. The details of this proposed method are shown as 
follows.  
3.1. Encoding and decoding  
It is inconvenient to deal with actual values of control 
parameters with using the IGA. Therefore, the actual values of 
control parameters can be expressed as serial binary strings by 
encoding, and each string represents a chromosome. In this 
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article, number of the chromosome, i.e., the population size, is
n . The number of the control parameters that need to be 
tuned is K and each servo control parameter can be 
represented as B binary bits. So each chromosome’s length 
L is K Bu . 
The chromosome Gene sequential expression and the 
corresponding control parameters are shown in Figure 2. The 
population of the chromosome is n Lu binary matrix. Each 
binary bit in the chromosome represents a gene, and its value 
is either 0 or 1. The initial value of each gene is generated 
randomly.  
 
Fig. 2. The chromosome and the corresponding control parameters 
Decoding is a procedure that transforms a chromosome to 
a set of the corresponding actual values of servo control 
parameters. For example, if actual servo control parameter 
corresponding binary string in the G th generation, i th 
chromosome iGx , {1,2, , }i n  is r th string,
{1,2, ,K}r ,the decoding function T  can be  represented 
as 
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Where, rx and rx are the upper and lower critical values of 
the actual servo control parameter respectively. According to 
the equation (5), chromosome in the G th generation can be 
decoded easily.  
3.2.  Fitness function  
A fitness function is used for evaluating the degree of 
excellence for the chromosome, and provides the foundation 
for selection operation. The primary goal of control 
parameters tuning for bi-axial servo feed system is to improve 
contour accuracy. Therefore, the fitness function in this article 
is average of the errors between the target circle and the actual 
position[14]. It can be written as  
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Where, iGF is the ith chromosome value of the fitness 
function in the G th generation. T is period of the circular 
motion. sT is sampling period. N  is number of sampling point 
per period T . cX and cY are coordinates of circle center. fX
and fY are feedback positions of  X,Y axis servo feed systems, 
respectively. 
3.3. Selection operation  
The main purpose of selection operation is to select some 
better chromosomes, and copy them to the next generation, 
which reflects the principle of survival of the fittest. In this 
article, the smaller of the chromosome fitness function value, 
the greater chance to be selected. The selection operation can 
be depicted as 
  
1
1
( )
i
G i
G
i
i G
s n
i
G
i
i i
s s
f
F
f
p
f
N floor p n
 
­  °°°°  ®°°°  u°¯
¦
                                                  (7)
 
where, iGF is value of the fitness function and 
i
sp  is 
corresponding probability to be copied for the next generation 
population of the i th chromosome in the G th generation. iGf  
is reciprocal of iGF .
i
sN is number of the i th chromosome to 
be copied for the next generation in the G th generation, and 
its value is determined by floor function, i.e. the value is 
rounded down. For example, if the value of ( )isp nu  is not an 
integer, the value of floor function is the largest integer value 
of ( )isp nu , else just employs this value directly.  
3.4. Adaptive crossover operation and adaptive  mutation   
operation  
A crossover operation is realized by exchanging part of 
two adjacent chromosomes to create new chromosomes based 
on the crossover type and the crossover probability, and 
affects the global search ability. A mutation operation is 
implemented by altering the gene within a chromosome to 
generate a new chromosome, and determines the local search 
ability.  
To obtain desired performances, in the initial stage, the 
method should search the population in the whole space, and 
has a better global search ability to avoid local convergence 
early; while in the end of stage, it should have a good local 
search ability, and improves the precision of  results. Soˈ it 
is reasonable to adopt the adaptive crossover operation and 
the adaptive mutation operation, according to the population 
situation. However, the crossover probability and the mutation 
probability keep constant with using the SGA. Hence, the 
adaptive crossover operation and the adaptive mutation 
operation are both adopted in this article based on the IGA. 
Meanwhile, an elitism strategy is also adopted. The IGA not 
only balances the global search ability and local search ability, 
but also improves the convergence rate effectively. The 
details of the adaptive corrover operation, the adaptive 
mutation operation and the elitism strategy are illustrated in 
the following. 
3.4.1. Adaptive crossover operation 
During the process of  control parameters auto-tuning, the 
crossover probability Gcp  in the G th generation is calculated 
as 
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Where, 1cp and 2cp are maximum and minimum value of 
crossover probability respectively. maxG  is maximum 
generation.
G
avgf is average of the reciprocal of fitness 
function for the G th generation. f c is larger value of the 
reciprocal of fitness function between the two chromosomes 
to be operated. The uniform crossover almost can operate 
every gene within a chromosome. With using the uniform 
crossover, the search space can be enlarged, and so does the 
global search ability. Therefore, the adaptive crossover 
operation adopts uniform crossover. 
3.4.2. Adaptive mutation  operation 
In this article, the adaptive mutation operation is also 
adopted, similar to the adaptive crossover operation, the 
mutation probability m
Gp in the G th generation  is calculated 
as 
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Where, 1mp and 2mp are maximum and minimum value of 
mutation probability respectively. *f is reciprocal of fitness 
function of  the chromosome need to be operated. 
3.5. Elitism  strategy 
To avoid the best chromosome to be discarded, and 
improve the convergence rate further, the elitism strategy is 
introduced into IGA. After the selection operation, for the 
purpose of maintaining the population quantity, the inferior 
chromosomes will be discarded, and some new chromosomes 
will be added. With using the SGA, the new chromosomes are 
generated randomly, while the best chromosomes in the past 
generations are added based on the IGA. Considering that the 
best chromosome may be modified during the crossover 
operation or the mutation operation, the best chromosome in 
the past generations will replace the worst chromosome in the 
current generation based on the IGA. 
4. Experiments  
 A X-Y worktable was set up to verify the method 
proposed by this article, as shown in Figure 3. The 
experimental platform includes servo motors, amplifiers, 
mechanical systems, and an open CNC system based on the 
dSPACE. The open CNC system comprises a host computer 
and a slave computer. The host computer is responsible for 
operation, data sampling, and monitoring and so on. Precision 
motion control is implemented by the slave computer[15].  
The process of control parameters auto-tuning based on the 
IGA for the X-Y worktable is shown in Figure 4. When the  
process is finished, the results can be obtainted. The initial 
values of parameters  based on the IGA are set shown in 
Table 1. 
 
 
Fig. 3. X-Y worktable 
 
Fig. 4. The  control parameters auto-tuning  process 
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Table 1. The initial values of parameters based on IGA 
Parameter Value Parameter Value 
maxG (generation) 50 1x (s
-1) 500 
K  6 2x (V·s·mm-1) 0.02 
B  10 2x (V·s·mm-1) 0.06 
L (bits) 60 3x (V·s·mm-1) 0 
n  20 3x (V·s·mm
-1) 1 
1cp  0.1 4x (s
-1) 50 
2cp  0.9 4x (s
-1) 500 
1mp  0.1 5x (V·s·mm
-1) 0.02 
2mp  0.9 5x (V·s·mm
-1) 0.06 
sT (s) 0.001 6x (V·s·mm
-1) 0 
1x (s
-1) 50 6x (V·s·mm
-1) 1 
 
Considering the practical work conditions, the reference 
position command is a circle with the radius of 5mm and the 
feed rate of 600mm/min. In this article, the SGA and the IGA 
are both used to tune the control parameters for the X-Y 
worktable. The values of the crossover probability and the 
mutation probability are 0.85 and 0.01 respectively during the 
process of auto-tuning based  on the SGA. The value of the 
best fitness function of every generation with using the SGA 
and the IGA, is compared as shown in Figure 5, which 
indicates the method based on the IGA has advantages of 
faster rate  convergence and smaller fitness function value for 
every generation in the range of [6,50]. Therefore, better 
performances can be achieved by using the IGA. In additon, it 
takes just 50 minutes to tune the control parameters of  the  
X-Y worktable, and the tuing efficiency is improved greatly. 
 
Fig. 5. The value of the best fitness function  
The following error and the contour error for the X-Y 
worktable with the feed rate of 600 mm/min and the radius of 
25 mm are both compared before-and-after auto-tuning with 
using the IGA for the purpose of evaluating the performances, 
as shown in Figure 6. The variation range of follow errors of 
the X,Y axis servo feed systems are both reduced greatly after 
auto-tuning, as shown in Figures 6(a) and (b). Meanwhile, the 
contour accuracy is improved distinctly as shown in Figure 
6(c).  Table 2 shows that the optimum values of control 
parameters for the X-Y worktable after auto-tuning based on 
the  IGA. 
 
 
(a) 
 
 
(b) 
 
 
(c) 
 
Fig. 6. (a) X axis follow error ; (b) Y axis follow error; (c) contour error of 
the  X-Y worktable 
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 Table 2. The  control parameters auto-tuning results 
The control parameter Before auto-tuning After auto-tuning 
XppK (s-1) 470 496.481 
XvpK (V·s·mm-1) 0.03 0.0594 
XviK (V·s·mm-1) 0.5 0.9619 
YppK (s-1) 470 496.481 
YvpK (V·s·mm-1) 0.04 0.0586 
YviK (V·s·mm-1) 0.48 0.8905 
 
5. Summary 
In this article, the method based on the IGA is proposed to 
solve the problem that the servo control parameters tuning for 
bi-axial servo feed system mainly depend on experiences, low 
efficiency and hardly achieve desired performances.  
The experimental results show that this method has 
advantages of high efficiency, intelligence and automation 
compared with convention methods. The SGA and the IGA 
are adopted to tune the control parameters for the X-Y 
worktable. The experimental results demonstrate that this 
method based on the IGA can achieve better performances 
and has rapid convergence rate, compared with the SGA. 
Meanwhile, each axis follow error ,and contour error are 
reduced greatly before-and-after auto-tuning. Using this 
method can realize dynamics optimal matching between 
motion axes and can improve contour accuracy effectively. 
Therefore, this method can be applicable to control 
parameters auto-tuning for bi-axial servo feed system. 
Acknowledgements 
This work is supported by the National Hi-tech Research 
and Development Program of China under grant number 
2012AA040701. 
References 
[1] Ramesh R, Mannan MA, Poo AN. Tracking and contour error control in 
CNC servo systems. International Journal of Machine Tools and 
Manufacture. 2005;45(3):301-26. 
[2] Neugebauer R, Denkena B, Wegener K. Mechatronic Systems for 
Machine Tools. CIRP Annals - Manufacturing Technology. 
2007;56(2):657-86. 
[3] Koren Y. Control of machine tools. Journal of Manufacturing Science and 
Engineering-Transactions of the ASME. 1997;119(4B):749-55. 
[4] Altintas Y, Verl A, Brecher C, Uriarte L, Pritschow G. Machine tool feed 
drives. CIRP Annals - Manufacturing Technology. 2011;60(2):779-96. 
[5] Gyöngy IJ, Clarke DW. On the automatic tuning and adaptation of PID 
controllers. Control Engineering Practice. 2006;14(2):149-63. 
[6] Jianhua W, Jia L, Zhenhua X, Han D. A relay-based method for servo 
performance improvement. Mechatronics. 2011;21(6):1076-86. 
[7] Maj R, Modica F, Bianchi G. Machine Tools Mechatronic Analysis. 
Proceedings of the Institution of Mechanical Engineers, Part B: Journal of 
Engineering Manufacture. 2006;220(3):345-53. 
[8] Whalley R, Ebrahimi M, Abdul-Ameer A, El-Shalabi S. Optimum, 
machine tool axis traverse regulation. International Journal of Machine 
Tools and Manufacture. 2006;46(14):1835-53. 
[9] Kwon HD, Burdekin M. Adjustment of CNC machine tool controller 
setting values by an experimental method. International Journal of 
Machine Tools and Manufacture. 1998;38(9):1045-65. 
[10] Zhao F, Mei X, Du Z, Tao T, Jiang G. Online Evaluation Method of 
Machining Precision Based on Built in Signal Testing Technology. 
Procedia CIRP. 2012;3(0):144-8. 
[11] Lei WT, Paung IM, Yu C-C. Total ballbar dynamic tests for five-axis 
CNC machine tools. International Journal of Machine Tools and 
Manufacture. 2009;49(6):488-99. 
[12] Erkorkmaz K, Altintas Y. High speed CNC system design. Part II: 
modeling and identification of feed drives. International Journal of 
Machine Tools & Manufacture. 2001;41(10):1487-509. 
[13] Erkorkmaz K, Altintas Y. High speed CNC system design. Part III: high 
speed tracking and contouring control of feed drives. International Journal 
of Machine Tools & Manufacture. 2001;41(11):1637-58. 
[14] Kuo L-Y, Yen J-Y. Servo parameter tuning for a 5-axis machine center 
based upon GA rules. International Journal of Machine Tools and 
Manufacture. 2001;41(11):1535-50. 
[15] Mori M, Yamazaki K, Fujishima M, Liu J, Furukawa N. A Study on 
Development of an Open Servo System for Intelligent Control of a CNC 
Machine Tool. CIRP Annals - Manufacturing Technology. 
2001;50(1):247-50. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
